the two lineages of different orientations and thus can serve as surrogate markers. Our method can be applied to casecontrol and quantitative trait association studies to identify inversions that may interrupt a gene or the connection between a gene and its regulatory agents. Our method also offers a new venue to identify inversions that are responsible for disease-causing secondary rearrangements. We illustrated our proposed approach to case-control data for psoriasis and identified novel associations with a few inversion polymorphisms.
Introduction
Inversion polymorphisms represent a significant class of structural variant (Feuk 2010; alves et al. 2012) . However, study of inversions in genetic epidemiology and statistical genetics is still in its infancy, especially compared to other structural variants, such as copy number variants (Cnv) (lakich et al. 1993) . this is largely because of the lack of high-throughput methods for detecting inversions: without Abstract although inversions have occasionally been found to be associated with disease susceptibility through interrupting a gene or its regulatory region, or by increasing the risk for deleterious secondary rearrangements, no association study has been specifically conducted for risks associated with inversions, mainly because existing approaches to detecting and genotyping inversions do not readily scale to a large number of samples. Based on our recently proposed approach to identifying and genotyping inversions using principal components analysis (PCa), we herein develop a method of detecting association between inversions and disease in a genome-wide fashion. Our method uses genotype data for single nucleotide polymorphisms (snPs), and is thus cost-efficient and computationally fast. For an inversion polymorphism, local PCa around the inversion region is performed to infer the inversion genotypes of all samples. For many inversions, we found that some of the snPs inside an inversion region are fixed in 1 3 gain or loss of genetic materials, inversions cannot be readily detected with copy number arrays. also, again because of their balanced nature, inversions have been believed to be mostly phenotypically neutral. so far, to our best knowledge, no genetic association study has been conducted either for targeted inversions or in a genome-wide fashion.
there has been growing evidence that inversions may be associated with a disease or a quantitative trait in different ways (antonarakis et al. 1995; Bondeson et al. 1995; small et al. 1997; Osborne et al. 2001; Knoll et al. 1998; Gimelli et al. 2003; sharp et al. 2008) . First, an inversion may disrupt a gene and thus mutate it. second, the breakpoints of an inversion may fall between a gene and its regulatory region and alter its normal expression. Finally and more often, an inversion in the genome of a parent may induce secondary rearrangements in offspring that in turn may cause disease. specifically, it has been suggested that the presence of an inverted segment in heterozygotes originates an unpaired region at pachtene making the region prone to misalignment (Feuk 2010; Osborn et al. 2001; Gimelli et al. 2003; Milina et al. 2012) . this type of misalignment may cause non-allelic homologous recombination (naHr), which generates de novo rearrangements, and segmental aneuploidies, such as insertions and deletions. somatically, among individuals heterozygous for an inversion, recombination repair across the inversion could also lead to segmental aneuploidy. recent advances in mapping inversions with the advent of sequencing-based algorithms (Feuk 2010) , such as the approach of paired-end mapping (tuzun 2005; Kidd et al. 2008) , have shown that inversions may be much more abundant than expected previously (tuzun et al. 2005; Kidd et al. 2008; ahn et al. 2009; Korbel et al. 2007; Chen et al. 2009 ), implying that there may be more inversions than previously expected that are associated with disease. In view that genetic variants identified through current genome-wide association studies (GWas) using snPs and Cnv can only explain a small proportion of heritability (Manolio et al. 2009; eichler et al. 2010) , it is desirable to develop an approach to detecting inversion-disease association. In one of our recent studies, we demonstrated that targeted principal components analysis (PCa) can be used to identify and genotype inversion polymorphisms (Ma and amos 2012a) . Our approach utilizes merely unphased snP genotype data and is cost-efficient and computationally fast. More importantly, our approach can be readily applied to very large sample sets and is thus more suitable for powerful association tests, compared to other statistical and/or computational approaches (Bansal et al. 2007; sindi et al. 2010; Cáceres et al. 2012; salm et al. 2012; Bosch et al. 2009; Deng et al. 2008; tuner et al. 2006) that are based on the linkage disequilibrium induced by an inversion. In the present paper, we propose a PCa-based approach of genome-wide association test of inversions and illustrate its application using two case-control data sets for psoriasis. specifically, we describe our approach for determining surrogate snPs of inversions based on the results of PCa. the identified surrogate snPs can be used in lieu of the corresponding inversions for data sets in which there are no sufficient number of snPs in an inverted region for meaningful PCa, making our approach robust to various existing GWas data sets for a quick and efficient scan of inversions that may contribute to complex diseases or quantitative traits.
Methods and materials

Detecting and genotyping inversions using PCa
We first briefly review the PCa-based approach to detecting and genotyping inversions. In a previous publication (Ma and amos 2010), we developed a theoretical formulation of PCa, in which individuals are treated as features and markers (snPs) as "realizations" of a random vector. In the space spanned by the first few eigenvectors, individuals sampled from different populations are distributed into different clusters. this formulation of PCa was later extended to the case of admixture (Ma and amos 2012b) . We demonstrated that admixed individuals are distributed along the line segment connecting the centroids of the clusters formed by individuals from the two parental populations according to the admixture proportions. recently, we found that application of this approach identifies admixture in population structure that results from chromosomal inversions (Ma and amos 2012a) . Because recombination is usually suppressed between the inverted and non-inverted segments, these two segments evolve independently and create an effect similar to a simple population substructure: two distinct populations of inversion homozygotes of different orientations and their 1:1 admixture, namely the inversion heterozygotes. locally performing PCa around this inverted region results in a pattern consisting of three equidistant strips, with the middle stripe representing the inversion heterozygous individuals. this pattern can be used to genotype an inversion polymorphism. Identification of this equidistant three-stripe pattern in the space spanned by the first two eigenvectors is a major criterion for discovering a novel inversion.
Identification of surrogate snP for inversions
We have developed a PCa-based scanner for inversions and conducted a genome-wide scan using data for the two Caucasian populations, CeU and tsI, from Phase III of the International HapMap project (Gibbs et al. 2003) , which resulted in 2,040 inversions, including 159 of those previously discovered using cytogenetic approaches and/ or sequencing-based approaches. For existing GWas data sets, however, many of those predicted inversions may not be genotyped by performing local PCa because the subjects are usually not genotyped as dense as for the HapMap subjects. Fortunately, we found that for some of those predicted or known inversions, many snPs inside or around the inversion regions are fixed in the two lineages corresponding to the two orientations and thus can serve as surrogate markers to the inversion polymorphism. For example, in the well-known inversion at 17q21.31, allele a of snP rs241031 is homozygous for all HapMap samples in the inversion homozygote group, but only appears in 0.006 % of those in the non-inverted homozygote group, and has an allele frequency 50 % in the inversion heterozygote group (Fig. 1) . For an inversion polymorphism, we identified its surrogate snPs using the HapMap data by analyzing the allele frequencies of snPs as follows. Frist, local PCa was performed around the inverted region and individuals were genotyped for this inversion. then, allele frequencies of all snPs inside the inversion region were calculated for each of the three inversion-genotype groups. a snP was defined to be fixed to the inversion if its allele frequency in the inversion heterozygous group, p2, was close to 0.5, |p2-0.5| < 0.01, its allele frequency in the two inversion homozygous groups, p1 and p3, is close to 0 and 1, p1 < 0.01 and p3 > 0.99, respectively. these cutoffs were chosen as a trade-off between the number of resultant surrogate snPs and the degree of their correlation with the inversion, given the sample size of the HapMap populations. In total, we identified surrogate snPs for 340 inversions including 37 known inversions (Online resource 1: table s1).
Construction of a preliminary inversion map a map of inversion (Online resource 1: table s1) was constructed by integrating known and/or validated inversions from the literature, including the Database of Genomic variants (DGv) (http://projects.tcag.ca/variation/), and those predicted using our PCa-based scanner. For the known and/or validated inversions, we found that not all of them can be genotyped using our PCa-based approach. One of the reasons could be that some of the inversion regions are too short to include a sufficient number of snPs for meaningful PCa. also, it is possible that some of the known inversions are not polymorphic or have too low frequencies for the rare orientation of inversion in the HapMap populations. We therefore included in the inversion map only those known inversions that can be genotyped using the PCa approach (i.e., showing an equidistant, three-stripe pattern). For each of the inversions in the map, information on the corresponding surrogate snPs was also annotated. Currently, the inversion map includes 2,050 inversions including 179 that are known and/or validated. Inversion-disease association test With the proposed approach to genotyping inversions and the inversion map, performing an inversion-disease association test is straightforward for genetic data of independent individuals, such as the psoriasis data sets. the phenotype can be either dichotomous (case-control design) or quantitative (linear regression). the purpose of this type of test is to detect inversions that may directly disrupt a gene or alter a gene and its regulatory region. For each of the inversions in our inversion map, if there are a sufficient number of snPs inside the inversion region genotyped, local PCa will be performed to infer the inversion genotypes of all individuals. the number of snPs is considered sufficient if a clear three-stripe pattern, as defined in Ma and amos (2012a) based on the K-means algorithm, can be observed for the data in an inversion region. Only when there are too few snPs genotyped inside an inversion, should we use the surrogate snPs for the inversion-disease association test. Because a surrogate snP usually is not fully associated with an inversion, whenever possible, we should use PCa to infer the inversion genotypes of the individuals to improve statistical power. If there are two or more surrogate snPs for an inversion, the one with the strongest correlation with the inversion should be used for the inversiondisease association test.
For a genome-wide inversion association study, an important issue for inversion association tests is how to control for false positive rate. We will leave the issue of correcting for multiple testing for future studies, because the current preliminary inversion map is far from complete, including only 2,050 inversions, and the correlation among inversions is to be explored. In fact, the number of inversions that can be tested using existing GWas data may be much smaller than the total number of inversions in the inversion map due to the lack of sufficient number of snPs. For example, in the application to the psoriasis data, only 235 and 231 inversions can be tested. therefore, we will simply report the original P values and indicate what the Bonferroni correction will result in.
Results
Psoriasis is a chronic, inflammatory skin disease affecting 2-3 % of the world population. to illustrate the proposed approach of association test for inversions, we analyzed data from the Psoriasis GaIn study downloaded from the dbGaP. the data we analyzed included (1) snP data from an original GWas with 955 patients and 693 controls; and (2) snP data from a replication study with 466 patients and 732 controls. after the quality control process, we had 915 cases and 675 controls with genotype data for 443,018 snPs for the original GWas, and 431 cases and 702 controls with genotype data for 439,201 snPs for the replication study.
logistic regression analysis was performed for each of the inversions in the inversion map using the following five genetic models: full, additive, dominant, recessive, and over Dominant, with sex and age as covariates. We considered the over-dominant model because the presence of an inverted and a non-inverted segment may cause a secondary, deleterious rearrangement (Feuk 2010; Osborne et al. 2001; Gimelli et al. 2003; Molina et al. 2012) . Compared to the full model, an over-dominant model should have a greater power because the inversion heterozygous is compared to a pool of the two homozygous. Due to lack of surrogate snPs, some of the inversions could not be tested. among the inversions on the map, 235 and 231 were tested either directly using the PCa genotyping method or through surrogate snPs for the two data sets, respectively. In the original data set, association (P < 0.05) for at least one of the five genetic models was observed at 37 inversions, as shown in table s2 (Online resource 2). results for the replicate data set are shown in table s3 (Online resource 3), where significant association was observed for 33 inversions. there were eight inversions associated in the test data shown in table s2 and were replicated in table s3. However, only three (3) of these are likely to be true positive findings because the rest of the findings were associated with risk in opposite direction of association. the most significantly associated inversion is the region of chr6: 31363479-31385967 with P < 1.1e−9 and P < 1.1e−13 for the original and the replicate data set (table 2). this predicated inversion overlaps with the Hla region and has almost perfect tag snPs listed in table 1. among these tag snPs, rs2243868 was found to be tag snP of the Hla-Cw × 0602 allele, which has been described as the primary risk allele for psoriasis. therefore, it is possible that the observed association here may be due to effects from the Hla-C gene, instead of the predicted inversion. this region of chromosome 6p is extremely heterogeneous and previous sequencing studies have identified inversions in the region (nair et al. 2006 ), but there are also highly conserved haplotypes associated with psoriasis. Our results indicate that a dominant model best explains the association with the predicted inversion with disease risk: the odds ratio between patients with and without the inverted segments was estimated to be 1.99 (1.59-2.48) and 2.41 (1.81-3.24), respectively, for the two data sets. In table s4, the genotype frequencies of this predicted inversion were given for different HapMap populations.
the next most significant association (P < 0.00012), shown in table 2, was seen for a predicted inversion, chr5: 131893690-132042870 and was confirmed in the replicated data, but with less significance (P = 0.02). If the less prevalent orientation is taken as the inverted segment, as in our previous publication, the inversion frequency in the CeU population is estimated to be 0.21, close to 0.18 in both the original and replicate psoriasis data sets (Online resource 4: table s5). then, our analysis showed that the non-inverted allele is deleterious with an odds ratio 1.51 (1.22-1.86) and 1.35 (1.04-1.75) in the two data sets for a recessive model. similarly, a much less significant association was observed for another predicted inversion at chr5: 161842217-161963696. In addition, marginally significant association (P ~ 0.05) for both data sets was seen for a predicted inversion at chr11: 23451453-23460539. Other predicted inversions showed significant associations with the risk of psoriasis for both data sets, but with opposite directions, such as chr17: 3854057-4232178. six (6) known inversions listed in DGv were found to be significant in either the original data set (table s2) or the replicate data set (table s3). a 1.2 Mpb inversion at chr15: 72151413-73356183 was detected by Kidd et al. (2008) from clone-based end-paired sequence data and validated using fluorescent in situ hybridization assays. this inversion was later confirmed by ahn et al. (2009) using the paired-end sequence and mapping approach in a Korean genome. Using our PCa-based approach, we detected this inversion and estimated the inversion frequencies for the non-african HapMap populations (Online resource 4: table s6). If we define the orientation that is rare in the two Caucasian populations (9 % for CeU and 12 % for tsI), the inversion is highly prevalent in the asia population (>44 %). this inversion was found to be associated with the risk of psoriasis with the non-inverted orientation being deleterious in a dominant model with an odds ratio 1.47 (1.18-1.82) and P = 0.0006 or an additive model with an odds ratio 1.32 (1.09-1.60) and P = 0.004, respectively (table 2). this association was, however, not validated in the replicate data set (P > 0.1). It should be noted that this inversion corresponds to the site of the 15q24 recurrent microdeletion.
a second known inversion that was found to be significantly associated with the risk of psoriasis is located at chr14: 75534288:75547088 (table 2), which was identified by Kidd et al. (2008) . Our PCa-based approach detected this inversion and found that it is more prevalent (~33 %) in the Caucasian populations including CeU, tsI and GIH than in the east asia populations (<24 %), as shown in (Online resource 4: table s7). significant association (0.001) was seen in the original psoriasis data set with the inverted segment being deleterious with odds ratio 1.27 (1.10-1.48) in an additive model.
In addition, significant association was also observed for a known inversion at chr2: 234100014-234189000 (P = 0.006), shown in table 2. this inversion was identified and validated by several studies including Kobel et al. (2007) , Kidd et al. (2008 Kidd et al. ( ), levy et al. (2007 and Pang et al. (2010) . We detected this inversion and estimated the frequencies for the non-african HapMap populations (Online resource 4: table s8). this inversion has relatively higher frequencies in the Caucasian populations (23 and 27 % for CeU and tsI, respectively) than in other populations. the inverted orientation was found to be deleterious in an additive model with an odds ratio 1.27 (1.07-1.52) in the original data set. this association was not replicated in the second data set. Finally, for the original discovery data, the Bonferroni corrected alpha level is 0.05/235 = 0.000213. therefore, if Bonferroni correction is applied, only the first two inversions listed in table 2 are still significant. It should be noted that they are the only two that were replicated using the replicated data set.
Discussion
We have proposed for the first time an approach to conducting inversion-disease association test using widely available snP genotype data. Our approach is based on PCa and utilizes only unphased genotype and is thus extremely cost-efficient and computationally fast. More importantly, our approach can readily scale to large number of samples, making it possible to perform powerful association test for this unique type of structural variant. Indeed, most of the inversions given in our inversion map are just predicted from our genome-wide scan of inversion using our PCa-based approach and demand computational or experimental validation for their existences. nevertheless, we wish to emphasize here the following two points. First, although there may be significant false positive rate in identifying novel inversions using our PCa-based approach for a genome-wide scan of inversions, the PCa approach works very well when applied to genotype known inversion polymorphisms, as demonstrated in Ma and amos (2012a) using simulated data and for the two well-known inversions at 8p23.1 and 17q21.31, for which experimental results are available for many of the HapMap individuals. therefore, the approach to conducting inversion association test proposed here should be trusted when applied to known inversions discovered using experimental or other computational approaches using sequence data. second, even if a predicted inversion would turn out to be some sort of variant other than an inversion, the association test proposed here may still shed a light on the genetic architecture of the disease of interest.
the approach we proposed here works not only to very dense snP data, but also to genotype data after quality control as in a typical GWas and also to single nucleotide variants called from sequencing data. the surrogate snPs identified to many of the inversions enable us to assess the inversion characteristics and its association with a complex trait instantly, once the genotype of a surrogate snP is known from either snP array data, sequence data, or experimental results. We will continue to identify surrogate snPs for more inversions and also for different populations.
For the real data analyses, we have identified several candidate known and predicted inversions that may be associated with the susceptibility of psoriasis. an interesting question is how one should interpret results of our inversion association test comparing with those of the snPbased association test. First, if the number of snPs inside an inversion is not large enough for performing local PCa, the snP with the strongest correlation with the inversion should be used for the inversion association test, and thus the resultant test statistic and the P value will be the same as those obtained in the usual snP-based association test. However, compared to the snPs, the number of inversions to be tested to date is small and thus requires less conservative correction for multiple testing. therefore, the power of detecting association for an inversion should be greater than using a snP-based GWas. second, if there is sufficient number of snPs inside an inversion, the inferred inversion status should be used for association test of the inversion. In this case, the resultant test statistic and P value should be more reliable that those obtained from the snP-based association test, unless a snP is perfectly correlated with the inversion.
In this work, we only applied the proposed approach to the association test of case-control data. this type of association study applies to situations in which inversions directly disrupt a gene or the connection between a gene and its regulatory region. It is, however, more likely that an inversion of a parent's Dna increases the risk of a secondary rearrangement that affects the offspring. Our approach can also be used to perform association test between the inversion status in parents and the occurrence of disease or genomic disorder in offspring. For example, using snP data for case-parent trios, we may conduct statistical analysis to test whether the rate of inversions in the patients is significantly higher than that in the general population for an inversion. Of specific interest is the rate of inversion heterozygote in the parents, because the presence of an inverted and a non-inverted segment originates an unpaired region at the pachytene stage, which may result in a misalignment and naHr. In addition, we may also perform an analysis to investigate the influence of inversions on gene expression. Information about the identified inversions associated with a gene expression, an e-inversion, could be incorporated with that from the direct inversion association test to gain a more comprehensive understanding about how the inversions interrupt a gene and/or its regulatory agents and thus increase the risk of disease.
Given that all other types of structural variants, including single nucleotide variants, Cnv, translocations, have been investigated in their susceptibility to various disease, we believe that the proposed approach here will prove to be a useful tool for the inversion polymorphisms as the last class of structural variants. since our approach works well with the usual snP genotype data, which are abundant thanks to the success of the GWas, it is expected to provide further insight into the etiology of many diseases and may explain some of the missing heritability.
